[1] We investigate the propagation of tsunamis toward the European shelf break, using six different initial conditions (based on the 1755 Lisbon earthquake), in order to assess the hazard to this region. Only one of our source models, an assumed earthquake magnitude of 8.7 Mw with a zonal fault orientation, resulted in significant wave heights at the U.K. coastline. Because of wave spreading, only a fraction of the tsunami energy from such an event reaches the northwest European shelf, which itself provides a further buffer through reflection and frictional dissipation. However, we found significant local reamplification due to wave interactions and resonance on the continental shelf. The maximum elevations obtained were comparable to severe winter storm conditions, but with extreme local variability in the tsunami amplitude. Our results suggest that the impact of any repeat of this event would be very sensitive to the precise location and orientation of the source deformation, as well as by complex topographic interactions on the shelf. The uncertainties arising from the combination of source orientation and bathymetric interaction suggest that any assessment of risk, for places where tsunamis are likely, should consider a large ensemble of initial conditions.
Introduction
[2] The 26 December 2004 Sumatra-Andaman earthquake (9.0 -9.3 Mw) and the resultant tsunami was one of the worst modern, natural disasters. It prompted governments and international agencies to reevaluate the likelihood, and consequences, of similar events occurring elsewhere [Kanamori, 2006] . The risk to the United Kingdom (and more generally to coasts surrounding the northwest European seaboard) was assessed in a study [Kerridge et al., 2005] that concluded the probability of any such event is very low. However, there is historical and geological evidence of tsunamis reaching northern European shores [e.g., Smith et al., 2004; Dawson et al., 2000] so the possibility of future events affecting low-lying populations in this region cannot be dismissed. This paper investigates the hazard to the United Kingdom associated with a tsunami similar to that generated by the Lisbon 1755 earthquake. We consider the effects of topographic steering for this scenario, the regions of energy dissipation, and the implications for tsunamis on broad shelves elsewhere.
[3] We select the Azores-Gibraltar fault zone (AGFZ) as the source region, since this was the source of the tsunami in 1755 which (along with the earthquake) destroyed the city of Lisbon [see, e.g., Baptista et al., 1998a] . It was also the source of the well-documented 1969 (7.9 Mw) earthquake [Fukao, 1973] ; small-amplitude (0.2 m) waves with tsunami periodicities were recorded at Newlyn, United Kingdom, following that event [Dawson et al., 2000] . Similar waves were recorded at Newlyn after earthquakes west of Portugal in 1941 (8.2 Ms), and 1975 (7.9 Ms) . Kerridge et al. [2005] concluded that this region is the most probable source for a major North Atlantic tsunami. There is, of course, geological evidence of a major tsunami impacting the northern coastline of the United Kingdom following the Storrega submarine landslide approximately 8000 years ago [e.g., Bondevik et al., 1997; Smith et al., 2004] , but it is widely thought that the marine deposition required for any repeat occurrence could only accrue during a glacial period [Rise et al., 2005] .
[4] Following the Lisbon earthquake of 1 November 1755 there were reports of tsunami waves as high as 10 m along the coasts of Portugal, Spain, and Morocco [Baptista et al., 1998a] and there is one account of 3 m waves reaching Cornwall in the United Kingdom [Borlase, 1755] . Although the historical data is summarized by Baptista et al. [1998a] , locating the epicenter of the 1755 earthquake is difficult. Conflicting information regarding the distribution of intensities, origin time, and tsunami arrivals [Johnston, 1996; Mendes et al., 1999] , and the diffuse distribution of earthquakes along this part of the AGFZ [Zitellini et al., 2001 ], lead to large uncertainties, and the range of possible epicenters spans around 500 km (see Figure 1b) . Modeling of both the tsunami [Baptista et al., 1998b] and earthquake intensity [Johnston, 1996] has been used to estimate the location and the size of the source. Detailed geophysical surveying in the eastern section of the AGFZ has taken place [Zitellini et al., 1999 [Zitellini et al., , 2001 ], but no single location has been implicated. This is not surprising since even for the better observed 28 February 1969 tsunami, neither direct numerical simulation [Gjevik et al., 1997] or adjoint methods using observations [Pires and Miranda, 2001] were able to determine unique source parameters.
[5] Since the exact source of the 1755 earthquake remains unknown we consider three possible fault orientations and locations, which we discuss in section 2. Source dimensions and average slip are derived from realistic assumptions of the earthquake magnitude and empirical relationships for the source scaling of intraplate earthquakes. We do not consider the subduction model of Gutscher [2004] since there is significant evidence against subduction [e.g., Stich et al., 2005] . Composite source models [e.g., Vilanova et al., 2003 ] are also excluded. It is not the intention of this paper to explore the relative merits of the various postulated sources for the 1755 tsunami; rather, we use the historical information as a first-order check on model performance in order to explore the hazards and oceanographic implications associated with this scenario.
Source Strength and Location
[6] Estimates of the magnitude of the 1755 earthquake generally vary between 8.5 and 9.0 Mw. Johnston [1996] used isoseismals to determine the moment magnitude, finding a best fit of 8.7 ± 0.39 Mw. In this study we select lower and upper estimates as 8.3 and 8.7 Mw, respectively, on the basis of Abe [1979] . We assume that the 1755 earthquake ruptured the entire seismogenic zone (between 60 km depth and the surface). With a fault dip of about 50° [ Fukao, 1973] this means that a realistic fault width is 60 km/(sin 50°), or about 75 km. We assume an intraplate tectonic setting [Johnston, 1996] and propose three plausible models for fault orientations and locations. Scaling relationships for intraplate earthquakes imply larger slip compared to interplate earthquakes of the same dimensions [Scholz et al., 1986; Scholz, 2002] . The models are described below and their physical source dimensions are given in Table 1 . The various locations can be found in Figure 1a .
[7] Model A has the same epicenter as the 1969 earthquake in the Horseshoe Abyssal Plain, to the southeast of the Gorringe Bank [Fukao, 1973] . The origin of this earthquake is reasonably well understood. It has a thrust mechanism on a fault plane that dips to the north and is related to the tectonic uplift of the Gorringe Bank. The fault orientation is favorable to compression in northwest-southeast direction. The model provides a good fit for the macroseismic data; the Horseshoe Fault is an active tectonic feature; and there is significant seismic activity in this area. However, Baptista et al. [1998b] suggest that sources analogous to the 1969 earthquake do not reproduce the observed distribution of wave heights and traveltimes along the Iberian coast for the 1755 event.
[8] Model B is an earthquake north of the Gorringe Bank as suggested by Johnston [1996] , occurring on a thrust fault that dips to the south and is related to the tectonic uplift of the bank. This is similar to the top hat model of Gjevik et al. [1997] , which assumes uplift of the Gorringe Bank ridge as a source although there is evidence (N. Zitellini, unpublished data, 2005) to suggest that it is inactive. As a fault plane solution we used the south dipping auxiliary plane of the Fukao [1973] model for the 1969 event. Model C is equivalent to the N160 model of Baptista et al. [1998b] . The source location is closer to the Iberian shore than either of the other models, between the Gorringe Bank and the edge of the continental shelf west of Cape San Vicente. The earthquake occurs on a thrust fault dipping to the northeast. Baptista et al. [1998b] found that this model produced tsunami arrival times that better matched the historical reports. However, the underlying tectonics of such a model are less well defined. The inclusion of this model allowed us to examine the effect of source orientation on tsunami waves reaching the coastlines of the United Kingdom, Ireland, and northwest Europe.
[9] In each case, the sea bed displacement due to an inclined, rectangular fault was calculated using the wellknown analytical expressions of Okada [1985] . These formulae assume the Earth to be a homogeneous elastic halfspace and require the source parameters given in Table 1 . We have assumed the worst case of complete crustal rupture: solutions with a specified focal depth would give smaller displacements. The sea floor deformations obtained were mapped directly onto the sea surface as shown in Figure 2 . There are deficiencies in this assumption, as pointed out by Gjevik et al. [1997] who employed a nonhydrostatic model and showed that in certain circumstances the maximum surface elevation can be 30% less than the displacement at the sea bed. Neither can the surface deformation contain the discontinuity that is present at the precise line of a fault. Our modeling scheme introduced the deformation as a sea surface elevation and, in practice, the discontinuity was slightly smoothed because of regridding.
Numerical Modeling
[10] The models described in this section are nonlinear, shallow water (NLSW) models which are a routine and Johnston, 1996] ; Mo: Moreira [1989] ; Re: Reid [1914] ; Zi: Zitellini et al. [1999] . Earthquake epicenters from the BGS World Seismicity Database [Henni et al., 1998 ] are also plotted. Calculations assume the shear modulus, m = 6.5 Â 10 11 dyn cm À2 [Johnston, 1996] , and the scaling factor for intraplate earthquakes, a = 6.5 Â 10 À5 [Scholz, 2002] . appropriate choice for tsunami propagation modeling away from the immediate source, so long as the wavelength is properly discretized [Shuto, 1991] . The widely used MOST model [Titov and Gonzalez, 1997] is of this type. Recent comparisons of model predictions with reliable coastal observations in the Sea of Japan [Choi et al., 2003 ] also show that nested, finite difference, NLSW models produced accurate simulations of coastal inundation and runup. For optimum discretization, in this study we nested an unstructured finite element model within a wide domain finite difference model.
Finite Difference Modeling
[11] In order to best represent the tsunamis at their origin, as well as their subsequent evolution across the European Shelf, we extended the U.K. operational storm surge model [Flather, 2000] to cover the region 20°W to 13°E, 30°N to 60°N. The model solves the two-dimensional shallow water equations in finite difference form in spherical coordinates, with a quadratic formulation for stress at the sea bed and radiation conditions at the open lateral boundaries. The resolution used here was 1/30°latitude by 1/20°longitude, resulting in an approximately 3.5 km horizontal grid that provides effective discretization and avoids numerical dispersion [Shuto, 1991; Kowalik, 2001] . The model integrations ran at a time step of 10 s for 12 h, by which time the wave train had passed the United Kingdom. Elevations and velocity fields were archived every minute for subsequent diagnostics. As well as examining maximum elevations and tsunami arrival times we studied wave energetics, making the connection between the genesis region and the subsequent modification of the wave as it propagates.
Energetics
[12] We derive an energy equation from the shallow water governing equations in spherical coordinates. The continuity and momentum equations used in the model can be found in the work of Flather [1976] and are written concisely below. For completeness we retained the Coriolis and advective terms possessed by the model, although it is well known that these terms are negligible for tsunamis. Similarly, the tan 8 term arises from the transformation to spherical coordinates; it is numerically insignificant and is included only for mathematical exactness.
where h is the elevation of the sea surface;
defines the horizontal divergence operator in spherical coordinates for a vector, V; H = h + h is the total depth of water; u is the horizontal velocity field; R is the radius of the Earth; f is the Coriolis parameter; r S C = (
) defines the gradient operator for a scalar, C; c is eastward longitude, 8 is northward latitude; k is the unit radial vector; g is the acceleration due to gravity; g is a coefficient of bottom friction, with a value of 0.0025; and A(H) is a depth-dependent horizontal eddy viscosity. In this study, where unresolved eddy motions are not relevant, the role of the final term in equation (2) is simply to suppress numerical noise at smaller scales.
[13] The energy equation is found by taking the scalar product of (2) with u. After some manipulation, this gives the flux form of the energy equation:
where r is density, E = r(HK + 1 2 gh 2 ) is the total energy per unit horizontal area; K = 1 2 juj 2 is the kinetic energy density; and F E = ruH(K + gh) is the total energy flux per unit length normal to the flux. Although we have derived the expression from the governing equations, the energy flux term, F E , is identical to the time-mean form arising from linear theory that has been widely used in the study of tidal energy fluxes [e.g., Davies and Kwong, 2000] . We find that time integrals of F E have only a very small contribution from the kinetic energy component, of the order 1% (in agreement with shallow water theory). The first term on the right-hand side of equation (3) represents dissipation from bottom friction, which we show is small but not insignificant in shallow water. The viscosity term (which arises from the parameterization of Reynolds stresses in the equations) was 5 orders of magnitude smaller than the main terms and is not considered further.
[14] Equation (3) states that the rate of change of total energy per unit horizontal area depends on the divergence of the energy flux as well as dissipation from frictional processes. The energy flux itself would reveal the transfer of energy from one place to another, but not necessarily whether the energy changes locally. It is only when this flux diverges, for instance, when the flow interacts with topography, that the total energy changes locally. It is possible to show that the energy flux divergence can be split into one term containing the divergence of advected energy and another containing the local gradient in bathymetry.
[15] We inserted the six different source models shown in Figure 2 into the finite difference model and denoted these Runs A1 -C2. Each of these is a gridded version of the analytical solution [Okada, 1985] of the seafloor disturbance, and they explore the variation of epicenter, fault orientation, and earthquake magnitude. The simulations included tides inherently, but tidal signals were removed from the following results. We found the dynamical interaction between tides and tsunamis to be insignificant. The state of the tide is obviously crucial when determining the total water level at coastal locations but, for the purposes of risk assessment, tide and tsunami can be superimposed. Each scenario was also simulated with the finite element model, but only Run B2 is shown.
Finite Element Modeling
[16] To simulate the tsunami propagation to the shoreline it was necessary to develop a finer grid model of the United Kingdom and Irish coasts. The waves simulated here had typical periods of approximately 20 min, and it was beneficial to use a variable grid model, allowing the number of cells per wavelength to remain approximately constant. This C04007 HORSBURGH ET AL.: LISBON-TYPE TSUNAMI IMPACT ON THE UK variable mesh was generated using the TELEMAC-2D hydrodynamic model [Galland et al., 1991; Hervouet, 2000a] . This model has been extensively validated for tides [Malcherek, 2000; Sauvaget et al., 2000; Jones and Davies, 2005] and wind-induced response [Jones and Davies, 2006] in shallow shelf seas. Its capacity to simulate runup well is aided by a wetting-drying scheme that performs well at the finest resolution [Jones and Davies, 2006] . In dam break tests the inundating flood wave celerity is accurate to 3% [Hervouet, 2000b] , and numerical dispersion is minimal, even for highly distorted tidal estuaries [Malcherek, 2000] .
[17] The model mesh was set up using the spherical coordinates option and, for consistency, the TELEMAC-2D runs used the same bathymetric data as the wide domain model. The inner domain was nested in the region indicated by the dashed line in Figure 1 and contained 46,000 nodes and 88,000 elements whose mesh size varied from 10 km at the outer boundary to less than 1 km near to the United Kingdom and Irish coasts. Radiation boundary conditions were imposed on all open boundaries (to allow any outwardly directed energy to leave the domain); the incident tsunami was imposed as a time series of elevations and depthaveraged currents from the outer model at the southern and western boundaries. The simulation ran for 12 h after the initial disturbance, and bed friction was represented as a Nikuradse roughness length [e.g., Soulsby, 1998 ] of 0.01 m.
Results
[18] The contours of arrival time and maximum elevation obtained at each cell are shown in Figure 3 for the six runs, (Figure 3b) has maximum elevation along a line normal to its fault line, northwestward into the North Atlantic and southeastward toward Africa, with little effect on the shallow shelf seas to the north. Run B2 (Figure 3d ) also has maximum elevation along a line normal to the source model fault line, which is now rotated slightly clockwise; this run has maximum elevations of up to 1 m focused in beams in the Celtic Sea. In contrast, Run C2 (Figure 3f ), whose fault line is oriented almost normal to that of Run B2, has maximum elevation along a line between Iberia and the mid-Atlantic. The lower-magnitude, 8.3 Mw, scenarios (Figure 3, left) have a similar pattern to the higher-magnitude, 8.7 Mw, scenarios (Figure 3, right) , but are typically 1 -3 m near their source, compared to 3 -8 m for the latter. Kinks in the arrival time contours result from modification to the wave speed as it propagates over topographic features.
[19] Table 2 compares the arrival time of the modeled waves with the best interpretation [Baptista et al., 1998a] of literature describing the 1755 Lisbon tsunami. There are differences between each of the six scenarios, and these differences vary by location. For example, the ''observed'' arrival time of 16 ± 7 min at S. Vincente is well-matched by the A and B runs, but not by the C runs, whose arrival time is much shorter. Our modeled arrival times agreed with those of Baptista et al. [1998b] , where the seismic assumptions were similar, but like them we found that no single model run could reconcile apparently contradictory observations. Our model is in broad agreement with the historical information (particularly along the Iberian coastline where reports were more likely to be accurate) and with previous attempts to numerically model the event. The sensitivity of arrival time to the initial conditions is demonstrated with these six runs. We make no further attempt to qualify the various sources but now concentrate on run B2 which develops the largest elevation amplitudes at the U.K. continental shelf break, and has the most significant implications for hazard.
[20] The evolution of the tsunami in Run B2 is shown in Figure 4 as a sequence of sea surface elevations. After 10 min ( Figure 4a ) the wave amplitude is typically greater than 0.25 m and is still several meters in places. Our results are similar to those of Gjevik et al. [1997] who obtained a large primary crest, followed by a weaker trough, in their simulations of the 1969 event. The complex shape of the evolving waves comes from the (primarily) gravitational adjustment of the initial condition. After 30 min (Figure 4b ), the first tsunami wave has reached the Iberian peninsula and wave crest refraction is evident. To the west, the wave crest has become discontinuous; to the north, wave amplitude remains locally greater than 1.25 m. After 60 min (Figure 4c ), the first positive tsunami wave has hit North Africa and the Strait of Gibraltar. The northernmost part of the wave crest is significantly refracted as it encounters the Galician Rise (see Figure 1a for location).
[21] The leading wave reaches the U.K. shelf edge after 120 min (Figure 4d) , and it also refracts into the Bay of Biscay. Upon encountering the shallow shelf, the wavelength reduces and the amplitude increases as the wave shoals. Local amplitudes are in the range 0.25 m to 1.25 m.
Comparison of the leading wave height at two points along 8°W (one in 4000 m depth, the other 200 m) showed approximately a two-fold amplification. This agrees well with a simple calculation of wave energy flux per unit wave crest (Green's Law), which predicts amplification of (4000/ 200) 0.25 , a factor of 2.1. As the tsunami propagates further across the U.K. shelf into the Irish Sea, by 180 min (Figure 4e ) an obvious cusp forms in the wave crest near the Goban Spur. By 240 min ( Figure 4f ) the small-scale features on the U.K. shelf have interacted with the wave to give a diffraction-like pattern, which is consistent with the elevation maxima described previously (Figure 3d ).
[22] The finite element model run confirmed that scenario B2 had the most significant impact on the U.K. and Irish coasts. Figure 5 shows the free surface elevation at 5 and then 8 h after the initial disturbance. The finite element model produced the same beams of maximum elevation, confirming the results of the finite difference model and giving confidence in the physical nature of the phenomenon. Wave amplitudes of 0.5-1.0 m were observed in the finite element model once the tsunami passed onto the continental shelf, but before it encountered very shallow water. The traveltime of the primary wave to the southwest tip of the United Kingdom was 264 min, similar to the 268 min of Baptista et al. [1998b] . The wave period at this point was found to be approximately 20 min which is consistent with the anecdotal reports of Borlase [1755] . Figure 5b shows that after 8 h there is still much energy in the system, and a confused sea surface has resulted from complex reflections and interactions in shallow water. This regional ringing and slow decay of energy was also observed by Fine et al. [2005] during their simulations of a tsunami entering Canada's Burin inlet. The near-coast maximum elevations are shown in Figure 6a . The effects of the tsunami locally are due to focusing mechanisms and local reamplification, determined by the resonances of different bays and inlets. The majority of the south coast of Ireland, and a large part the Cornish coast in the southwest of the United Kingdom, recorded elevations in excess of 1 m at some time during the model run, and several locations had maxima exceeding 3.5 m. To show the very local nature of these effects, wave maxima were extracted along a coastal perimeter segment and are shown in Figure 6b . 
C04007

HORSBURGH ET AL.: LISBON-TYPE TSUNAMI IMPACT ON THE UK
[23] To examine the degree to which the shelf break features were responsible for the beams of maximum elevation, the shelf edge bathymetry was smoothed in the along-slope direction, while maintaining its across-slope profile to avoid changing any shoaling effects ( Figure 7a ). As can be seen in Figure 4c , the tsunami also interacts with the larger-scale (order 200 km) bathymetric feature of the Galician Rise, therefore we also synthesized a bathymetry with the Galician Rise removed for depths less than 4200 m (Figure 7b ). These two sensitivity experiments complement each other in that different length scales were considered, and the bathymetric adjustments were applied in regions of contrasting depth. The run with smoothed shelf edge bathymetry no longer has beams of high maximum elevation (Figure 8a ), but instead the maximum elevation decreases uniformly as the wave passes over the continental shelf, until reamplification occurs in the very nearshore.
Also note the uniformity of the arrival time contours on the shelf, because the tsunami now approaches as a plane wave. There is a separate beam of maximum elevation originating from the Goban Spur, where constructive interference between the two wavefronts still occurs. Figure 8b shows the maximum elevations from the computation with the Galician Rise removed. There is now a region of substantially increased maximum elevation, typically 0.7 m to 1 m, compared to the results in Figure 3d . This increased wave height eventually impacts on the U.K. shelf, amplifying the pattern of beams seen in the original run.
[24] The maximum elevation is a useful diagnostic for studying the potential impacts of the tsunami, but does not contain detailed information about the path or transformation of the wave. The time-mean energy flux, however, shows how the energy spreads from the tsunamigenic region and is guided through the system. For periodic processes it is usual to average equation (3) over at least one wave period; in the case of a tsunami propagating over a large distance the time bounds are not easily defined so we chose to average over 4 h, by which time the primary wave train has passed the U.K. shelf break. For Run B2 (Figure 9a ) there was an asymmetrical energy flux in directions normal to the fault line and thence northwestward into the North Atlantic: a path with deeper bathymetry and fewer seamounts. Also, there was intensification of the energy flux over the Galician Rise and over the continental shelf in the Celtic Sea. This shows how the bathymetry acts as a waveguide, and also the energetic consequences resulting from interference due to shelf edge irregularities. As can be seen from equation (3), energy evolution at a point is controlled by the convergence of energy flux and dissipation (in shallow water). Figures 9b and 9c show how over the continental shelf, but away from the near-coast regions, the convergence term dominates the balance, with the frictional dissipation being an order of magnitude smaller.
[25] The time-averaged convergence of energy flux is an excellent indicator of those regions most important for transformations to the tsunami. The convergence (Figure 9b ) is negative in the genesis region, where the time-mean potential energy has been reduced. There is positive convergence of energy flux along the axis normal to the fault line, which is consistent with the snapshots in Figure 4 , where one can see the wavefront propagate in this direction. Away from the genesis region, there are finer-scale features in the energy flux convergence pattern, near Madeira, and on the U.K. continental shelf. Here, the patterns of positive and negative flux convergence are aligned in the same direction as the beams of maximum elevation. The same interference pattern is seen in the frictional dissipation (Figure 9c ) which is relatively large on the shelf break compared to elsewhere. To compare the temporal flux of energy at the shelf break with that closer to the shoreline, Figure 9d shows time series of the total energy per unit area averaged over the blue box (shelf break) and green box (inshore) marked on Figure 1a . The energy plot for the nearshore (green line) shows a factor of 2 amplification due to focusing effects, persists for several hours, and exhibits multiple peaks due to interference.
[26] For the run with a smoothed shelf edge the removal of topographic irregularities altered the interference pattern seen in the standard run, replacing it with a region of more uniform energy flux as shown in Figure 10a . Most of the energy flux convergence (Figure 10b ) is now concentrated on the shelf edge without the multiple features seen in the standard run. It is important to note that even when the topographic irregularities are removed, the areas of maximum wave modification and energy dissipation are still some distance offshore. This is in contrast to the Iberian peninsula where the absence of a broad shelf means that modification is confined to a narrow coastal strip. In this way the wider continental shelf to the north provides a measure of protection by ensuring that significant energy transformations occur before the tsunami reaches the coast. Figure 10d shows that the energy flux time series across the two indicator regions is little altered when the shelf break is smoothed. The small-scale bathymetry may affect the pattern of interactions (Figure 10a ) but it does not have any significant impact on the average shoreward energy transfer.
[27] Figure 11 illustrates the energy diagnostics when the Galician Rise was artificially removed. There is a reduction in flux magnitude where the Galician Rise once was, implying a focusing role for this feature in the standard run. The path of the energy flux is now more northward toward the U.K. shelf where the beams of energy flux (Figure 11a ) have higher values than the previous runs (Figures 9a and 10a ). This was confirmed by the energy time series (Figure 11d) where the peak energy arriving in the Bristol Channel increased by 20%, although paradoxically the flux of energy across the shelf break box was reduced. The Galician Rise therefore appears to protect the U.K. coastline from this scenario of tsunami impact in a complex way, through changing the flux convergence pattern in such a way that wave energy is more focused over that part of the shelf capable of reflecting and dissipating energy more efficiently.
Discussion
[28] We have examined six initial condition scenarios of tsunamis emanating from the Azores-Gibraltar Fault Zone and moving toward the northwest European continental shelf. The scenarios were guided by our best knowledge of the Lisbon tsunami of 1 November 1755, but the prime intention of this study was to explore the consequences and impacts in this region of such an event. As has been found previously [e.g., Baptista et al., 1998b; Mader, 2001] , modeling historical tsunami events is difficult as there is HORSBURGH ET AL.: LISBON-TYPE TSUNAMI IMPACT ON THE UK usually a lack of trustworthy observations against which to verify. Our simulations illustrated several important aspects of interaction between a Lisbon-type tsunami and the topography of the northern European seaboard. We found that the impact of a 1755 type tsunami on northwest European shelf seas would be very sensitive to the location, orientation and magnitude of the initial seafloor deformation, with only one of our source models (B2) having any notable consequences. It is well known [e.g., Titov et al., 2001 ] that the faulting location and the magnitude and extent of the seafloor displacement are the most important source parameters for determining the scale of far field effects. The subsequent wave evolution in our simulations was also sensitive to bathymetry, as has been shown previously by ray tracing studies [e.g., Satake, 1988] and by numerical modeling [e.g., Titov et al., 2005] . In their global simulation of the 26 December 2004 Sumatra tsunami, Titov et al. [2005] found that wave directionality for that event was primarily controlled by source characteristics in the near field, and by topographic steering in the far field (where considerable amplification along ocean ridges was evident). Our results suggest that, for some events at least, there are scales at which these two primary controlling factors interact. The snapshots of surface elevation (Figure 4e) show that the primary wave refracts around the Goban Spur, after which the two wavefronts interact with smaller topographic features producing beams of intensified elevation and wave energy flux on the U.K. shelf. These beams were present in both the finite difference and the higherresolution finite element models.
[29] The maximum elevations obtained were approximately 3.5 m along the Cornish coast, but in the majority of places, maximum elevation was less than 1 m. These elevations are comparable to winter storm surge conditions, but unlike surge conditions there is extreme variability in the tsunami wave height from one location to another. Extreme sea levels resulting from this simulation (which represents the likely worst case for the United Kingdom), combined with both mean high-water spring (MHWS) and mean high-water neap (MHWN) tides, were calculated and compared with the 1:100 return level produced by Dixon and Tawn [1997] . The maximum elevations exceeded the 1:100 year extreme sea level only at three locations on the Cornish peninsula, and then only during MHWS tides. Elsewhere (and everywhere under MHWN conditions) the tsunami produced elevations similar to, or lower than, the predicted 1:100 year extreme sea level. The typical recurrence period for Lisbon style intraplate earthquakes is in the range 1,000 -10,000 years [Gràcia et al., 2003; Scholz et al., 1986] . The modeling supports the conclusion of Kerridge et al. [2005] that there is very low risk to the United Kingdom and northern Europe. Tsunami impact upon the Bristol Channel (a region of extremely high tides) was reduced since bathymetry-driven refraction directs any tsunami toward the north coast of Cornwall.
[30] In an experiment that smoothed the topographic irregularities at the shelf edge ( Figure 8a ) the multiple beams of high elevation disappeared, although a single beam still emanated from the Goban Spur. It seems reasonable to conclude that the former arose as a result of convergence and divergence over the many canyons known to exist in the shelf edge at this location. The amplification that remains with the smoothed bathymetry is probably due to interaction of the primary wave and a refracted wave at the sharp corner of the Goban Spur. In an independent experiment (Figure 8b ), the topography of the Galician Rise above 4200 m was removed, allowing a more direct route for wave energy toward the European continental shelf. This caused an increase in the amplitude of the beams yet, paradoxically, reduced the energy flux over that part of the shelf facing the primary wave (Figure 11d) . A possible explanation is that in the absence of the Galician Rise, waves take a more direct route toward the Goban Spur where refraction redirects energy into the Celtic Sea. In any case, through complex interactions, the Galician Rise appears to shield the U.K. coastline from any tsunami on this trajectory. Gjevik et al. [1997] noted a similar effect due to the Gorringe Bank in their model of the 28 February 1969 tsunami, with a source south of the Horseshoe Abyssal Plain.
[31] For this particular event it appears that the wide European continental shelf provides a degree of protection to the coastline by reflecting and dissipating tsunami energy. The fact that frictional dissipation is an order of magnitude less than energy flux convergence at the shelf break (Figures 9-11c) implies that reflection and scattering are more important than frictional dissipation here. In contrast, on the Iberian peninsula (which has only a narrow shelf), energy transformations do not occur until waves are very close to the coastline, producing more severe impacts; along the Iberian and African coastlines the frictional dissipation term is far higher than elsewhere and is confined to a narrow coastal strip. The shallow water on broad shelves also reduces the tsunami phase speed, on the one hand giving more lead time for tsunami warning, but also potentially allowing the wavelength to match critical topographic scales and give rise to amplifying interactions. Our results show significant local reamplification due to shoaling and resonance. There is still much energy in the Celtic Sea after 8 h, as seen in Figure 5b , and this slow decay of energy is consistent with other studies: Fine et al. [2005] stated that local differences in Q-factor and wave period are topographically induced, and Titov et al. [2005] also noted prolonged ringing after multiple topographic interactions. Our results (Figure 6 ) illustrate a high degree of variability in maximum wave amplitude around that part of the coastline most affected by the waves. Calculations of the Q-factor, based on time series for locations 5 and 7 in Figure 6a , and using the methodology of Kulikov et al. [1996] , gave values of 13. This is indicative of a strong resonant response on the shelf, and although we see high variability in wave amplitude, the decay characteristics are more spatially uniform, suggesting that the ringing is set up over the wider shelf rather than in specific localities. Our energy time series are consistent with this, showing the area-mean energy density in the selected nearshore region (the green line in Figures 9 -11d ) to decay fairly slowly. This pattern of decay was insensitive to the bathymetric experiments we performed and instead reflects the resonant behavior of the designated area. Our results illustrate how, in subtle ways, bathymetric features have the potential to both increase and decrease the hazard resulting from tsunamis.
[32] NLSW models are generally considered to be a suitable choice for propagating tsunamis of seismic origin, where the sea surface deformation responds almost instantaneously to seafloor movement and frequency dispersion can be ignored in the generation region. They are not suitable for shorter-wavelength tsunamis (e.g., those generated by submarine landslides), where dispersive effects are required and Boussinesq equation models are more accurate . Frequency dispersion can also be important when tsunamis propagate over long distances. The 26 December 2004 Sumatra tsunami generated a wealth of observational evidence and prompted a reevaluation of modeling techniques. Wavelet analysis on altimetry data [Kulikov, 2006] showed that the high-frequency components of the tsunami, with approximately 10 km wavelength, were distinctly dispersive. This suggests that frequency dispersion may be a necessary ingredient of numerical models used for the transoceanic propagation of tsunamis [Grilli et al., 2006] . Highly nonlinear Boussinesq- [33] This study reinforces the scale of the inherent uncertainties when attempting to model tsunami risk in regions where the consequences of tsunamigenic earthquakes are more likely to be felt. Although the physics of these uncertainties are well known, they must be correctly accounted for in a sufficiently large ensemble if maximum benefit is to be gained from tsunami modeling. Indeed, in our study, because of the subsequent interaction with bathymetry it may be that only very small changes in the source model fault orientations could have yielded significantly different results. The choice of (time integrated) energy flux divergence as a diagnostic variable is seen to be useful when identifying regions of significant wave transformation. The divergence of energy flux can reveal regions of transformation that are not apparent when looking at energy flux itself. This could be useful, for instance, when comparing various model runs in risk assessment studies.
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